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ABSTRACT
Type IIb supernovae (SNe IIb) present a unique opportunity for investigating the evolutionary
channels and mechanisms governing the evolution of stripped-envelope SN progenitors due to a variety
of observational constraints available. Comparison of these constraints with the full distribution of
theoretical properties not only help ascertain the prevalence of observed properties in nature, but
can also reveal currently unobserved populations. In this follow-up paper, we use the large grid of
models presented in Sravan et al. (2019) to derive distributions of single and binary SNe IIb progenitor
properties and compare them to constraints from three independent observational probes: multi-band
SN light-curves, direct progenitor detections, and X-ray/radio observations. Consistent with previous
work, we find that while current observations exclude single stars as SN IIb progenitors, SN IIb
progenitors in binaries can account for them. We also find that the distributions indicate the existence
of an unobserved dominant population of binary SNe IIb at low metallicity that arise due to mass
transfer initiated on the Hertzsprung Gap. In particular, our models indicate the existence of a group
of highly stripped (envelope mass ∼ 0.1 − 0.2M) progenitors that are compact (< 50R) and blue
(Teff . 105K) with ∼ 104.5 − 105.5 L and low density circumstellar mediums. As discussed in Sravan
et al. (2019), this group is necessary to account for SN IIb fractions and likely exist regardless of
metallicity. The detection of the unobserved populations indicated by our models would support weak
stellar winds and inefficient mass transfer in SN IIb progenitors.
Keywords: Core-collapse supernovae (304); Binary stars (154); Companion stars (291); Stellar pho-
tometry (1620); Stellar mass loss (1613)
1. INTRODUCTION
SNe are classified into Types I or II depending on the
absence or presence of hydrogen emission lines in their
spectra, respectively. Except SNe Ia, that are thermonu-
clear explosions resulting from runaway fusion in white-
dwarfs, Type I SNe result from iron core-collapse (CC)
of massive stars that have lost their outer hydrogen lay-
ers. Type IIb SNe are an interesting class that transition
from Type II to I, initially exhibiting prominent hydro-
gen spectral features that weaken and disappear over
time. They are related to Type I CC SNe except that
their progenitor stars have lost most but not all of their
hydrogen layers. These SNe are therefore collectively
also referred to as stripped-envelope (SE) SNe.
A key question about SE SNe is the mechanisms that
drive the removal of the envelopes of their progenitor
stars. In particular, the debate centers around the rel-
ative roles, if any, of stellar winds (e.g., Woosley et al.
1993; Georgy et al. 2012; Groh et al. 2013b), stellar rota-
tion (e.g., Georgy et al. 2012; Groh et al. 2013a,b; Zhao
& Fuller 2020), binary interactions (e.g., Podsiadlowski
et al. 1992; Yoon et al. 2010, 2017; Soker 2017; Lohev
et al. 2019), and, nuclear burning instabilities (e.g., Ar-
nett & Meakin 2011; Strotjohann et al. 2015). There has
been growing support for binary interactions as domi-
nant due to several independent lines of evidence, in-
cluding weaker stellar winds (Smith 2014) and higher
binary fractions (Sana et al. 2012; Moe & Di Stefano
2017) than previously estimated. Other key lines of sup-
port include high SE SN fractions (Smith et al. 2011),
low ejecta masses (Lyman et al. 2016; Prentice et al.
2019), and, low circumstellar medium (CSM) densities
(Wellons et al. 2012; Drout et al. 2016).
SNe IIb in particular are important for addressing
which stripping mechanisms dominate because they
have five identified progenitors, compared to just one for
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each of the other SE SN types. There is also evidence for
a binary companion to the progenitor star in three cases.
These are in addition to several constraints on progeni-
tor structure from analyzing multi-band SN light-curves
(LCs) and CSM properties from X-ray/radio observa-
tions (see Table 1).
Several theoretical investigations have leveraged this
unique opportunity to constrain the mechanisms govern-
ing the evolution of SNe IIb progenitors. Claeys et al.
(2011) used a large grid of solar metallicity single and
binary SN IIb models1 to identify various evolutionary
channels resulting in SNe IIb and their observational
characteristics, focusing on the progenitor’s and com-
panion’s photometric properties. However, they did not
investigate CSM properties. Yoon et al. (2017) used a
broad but sparse grid of binary models with fixed mass
ratio and mass transfer efficiency at solar and sub-solar
metallicities to examine the structural, photometric, and
CSM properties of SN IIb progenitors. Ouchi & Maeda
(2017) focused on investigating CSM properties of SN
IIb progenitors using a small grid of solar metallicity
binary models.
Though important for delineating the range of pro-
genitor properties, constraints from limited or sparse
model grids do not convey full information. For ex-
ample, Maund et al. (2004) favored a binary SN IIb
progenitor evolving via case C mass transfer (i.e. mass
transfer after core helium exhaustion) to explain pho-
tometric and spectroscopic constraints for SN 1993J’s
progenitor and companion. However, this mass trans-
fer scenario is only possible for a small set of binary
configurations where the progenitor avoids mass trans-
fer during its first larger rise on the giant branch, while
initiating mass transfer on its second smaller rise after
core helium exhaustion (Yoon et al. 2017; Sravan et al.
2019). On the other hand, a large grid of models can
be used to derive probability distributions of progenitor
properties by accounting for the probability of existence
of a given progenitor in nature. In addition to showing
the range of properties, probability distributions also
show the statistical significance of a given progenitor
and its associated observational characteristics. This is
especially important as we increasingly build larger ob-
servational samples facilitating derivation of probability
distributions of observed properties (Lyman et al. 2016;
Taddia et al. 2018; Prentice et al. 2019). Moreover, theo-
retical probability distributions of progenitor properties
can also help guide observational searches, to either val-
1 Claeys et al. (2011) defined SN IIb progenitors as those that
explode with 0.1− 0.5M of residual hydrogen envelope.
idate or falsify models, using observational regimes fa-
vored theoretically but absent in existing observations.
In this second paper of a two-part study aimed at con-
ducting a comprehensive investigation of SN IIb progen-
itors, we use an extensive grid of single and binary SN
IIb models to investigate the distribution of observable
properties of SNe IIb constrained using three indepen-
dent observational probes: analyzing LCs, direct pro-
genitor detections, and X-ray/radio observations. We
identify regions of disagreement with current observa-
tional constraints and assess whether this is could be
due to current observational bias or the correspond-
ing evolutionary channels not being realized in nature.
This paper builds on the conclusions from the first part
(Sravan et al. 2019, henceforth referred to as paper I),
where we examined the parameter space, evolutionary
pathways and fractions for SNe IIb, to create a compre-
hensive picture of our theoretical understanding of their
progenitors.
This paper is organized as follows. In Section 2 we
summarize our models and methods. In Section 3 we
examine correlations between physical properties of our
models. In Section 4 we discuss the three available ob-
servational probes into SNe IIb progenitors (from ana-
lyzing LCs, direct detections, and X-ray/radio observa-
tions) and their limitations. In Section 5 we compare
our models to constraints from these probes for all SNe
IIb analyzed in the literature and highlight regions of
(dis)agreement. In Section 6 we delineate currently un-
observed observational regimes that could constrain SN
IIb progenitor channels. We summarize and conclude in
Section 7.
2. SN IIb MODELS
In this section, we briefly summarize our models.
These models are same as those in paper I. We refer
the reader to Section 2 therein for detailed discussions.
All models including MESA input files used to produce
them are available at https://doi.org/10.5281/zenodo.
3332830.
We model non-rotating single and binary star mod-
els at solar (Z = 0.02) and sub-solar (1/4 Z; hence-
forth referred to as ‘low’) metallicities using Modules
for Experiments in Stellar Astrophysics (MESA Release
9575; Paxton et al. 2011, 2013, 2015, 2018). We as-
sume that the helium abundance increases linearly from
Y = 0.2477 (Peimbert et al. 2007) at Z = 0.0 to Y
= 0.28 at Z = 0.02 (Brott et al. 2011). We use the
basic.net, co burn.net, and approx21.net nuclear
networks in MESA. Radiative opacities are computed us-
ing tables from the OPAL project (Iglesias & Rogers
1996).
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We model convection using the standard mixing-
length theory (MLT), adopting the Ledoux criterion,
with the mixing length parameter, αMLT, set to 1.5. We
adopt the MLT++ prescription of MESA which enhances
energy transport in convective regions that approach the
Eddington limit (Section 7.2, Paxton et al. 2013). To
model overshooting, we extend the hydrogen convective
core boundary by 0.335 times the pressure scale height
(Brott et al. 2011). MESA uses the formulation of Langer
et al. (1983) to model semi-convection and Kippenhahn
et al. (1980) to model thermohaline mixing. We set the
value of αsc to 1.0 (Yoon et al. 2006) and αth to 1.0,
respectively.
Stellar evolution codes use theoretical and empirical
prescriptions to determine wind mass-loss rates using
properties of the stellar photosphere. We use a cus-
tomized ‘Dutch’ wind mass-loss prescription in MESA2,
by scaling the prescription of de Jager et al. (1988) by
(Z/Z)0.85 to match the metallicity scaling of Vink et al.
(2001), where Z is the initial metallicity of the model.
As discussed in paper I, some studies suggest that red su-
pergiant winds are independent of metallicity (van Loon
2000; van Loon et al. 2005; Goldman et al. 2017). Us-
ing stronger cool winds at low metallicity would cause
single stars to resemble their solar metallicity counter-
parts, without affecting binary SNe IIb, as their evolu-
tion is dominated by mass transfer and stronger Wolf-
Rayet (WR) winds (see paper I). We assume that stellar
winds carry away the specific orbital angular momentum
of the mass losing binary component.
In binaries, we compute mass loss due to Roche-lobe
overflow (RLO) using the prescription of Kolb & Ritter
(1990). A fixed fraction, , of the mass lost from the pri-
mary due to RLO is transferred to the secondary and the
rest is assumed to be lost to the CSM as the secondary’s
stellar wind. In this paper, we focus on binary models
with  = 0.5 and 0.1, though we also have additional
models with  = 1.0 and 0.01 at solar metallicity (see
paper I). We ignore models with  = 1.0 because mass
transfer is expected to be non-conservative as a result
of the spin-up of the secondary to critical rotation due
to accretion (Packet 1981; Petrovic et al. 2005; Ritchie
et al. 2012, also see Popham & Narayan (1991) for a
counter argument). Moreover, in paper I we show that
binary SNe IIb should have low mass transfer efficiencies
in order to explain observed SN IIb fractions. Finally,
we ignore models with  = 0.01 because, as we show in
2 The ‘Dutch’ wind mass-loss scheme is a combination of the pre-
scriptions of Vink et al. (2001) (when Teff & 104 K and Xsurf ≥
0.4), Nugis & Lamers (2000) (when Teff & 104 K and Xsurf <
0.4), and de Jager et al. (1988) (when Teff ≤ 104 K)
paper I, they occupy roughly the same parameter space
as those with  = 0.1. All orbits are circular.
We track the evolution of all our SN IIb models from
zero-age main sequence (ZAMS) to core carbon exhaus-
tion. We define SN IIb progenitors as those that reach
core carbon exhaustion with 0.01 − 1M of residual
hydrogen envelope3. This definition is a conservative
choice. Inferred hydrogen envelope masses for SNe IIb,
including those with detected progenitors, are . 0.5M
(see Table 1). Since we are observationally biased to-
wards finding the progenitors of SNe IIb with more mas-
sive envelopes (as they are more extended Yoon et al.
2017, and redder), they represent progenitors with the
most massive envelopes. Also, while detailed radiative
transfer calculations show that progenitors with total
hydrogen mass & 0.001M yield the characteristic SN
IIb spectra at early times (Dessart et al. 2011), there
are many SNe Ib with evidence of high-velocity hydro-
gen during early phases [e.g., SN 2008D (Mazzali et al.
2008; Modjaz et al. 2009) and SN 2014C (Milisavljevic
et al. 2015; Margutti et al. 2017)]. It is also important
to remember that envelope mass constraints from LC
modeling are not robust (see also Section 4). We note
that results in this paper are not sensitive to alterna-
tive more restrictive definitions considered in paper I.
Though we do not track the evolution of secondaries af-
ter primary CC, some secondaries can produce SNe IIb.
We expect these to resemble single SN IIb, because 80%
of binaries are expected to become unbound after pri-
mary explosion (Renzo et al. 2019). In systems that do
remain bound, RLO is expected to result in unstable
mass transfer and merger due to the extreme mass ratio
between the secondary and the compact object remnant.
We classify binary SNe IIb into three types based on
their interaction history. Case early-B (EB) SNe IIb
initiate mass transfer while the primary is crossing the
Hertzsprung Gap, case late-B (LB) SNe IIb initiate mass
transfer after the primary begins its rise on the giant
branch but before it exhausts helium in its core, and
case C SNe IIb undergo mass transfer after the primary
exhausts helium in its core.
We make the following assumptions regarding the
birth properties of single and binary stars in the Uni-
verse. We assume a Salpeter IMF (Salpeter 1955)
f(MZAMS) = M
−α. (1)
3 The hydrogen envelope boundary is defined as the outermost
Lagrangian co-ordinate where the hydrogen mass fraction ≤ 0.01
and the helium mass fraction ≥ 0.1.
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Figure 1. Distribution of initial orbital period (Porb,ZAMS)
as a function of pre-SN progenitor hydrogen envelope mass
(MH env,preSN(,1)) for binary SNe IIb with  = 0.5 (left) and
0.1 (right) at solar (top) and low metallicity (bottom).
with α = 2.3 (Kroupa 2001). We adopt a power-law
distribution for the initial mass ratio, q,
f(qZAMS) = q
β . (2)
with β = 0.0 (Sana et al. 2012; Kobulnicky et al. 2014).
We assume a power-law distribution for the initial or-
bital period, Porb,
f(log10 Porb) = (log10 Porb)
γ . (3)
where γ = −0.22 (Kobulnicky et al. 2014). We do not
make an assumption regarding binary fraction since we
compare single and binary SN IIb populations to ob-
served constraints separately.
3. CORRELATIONS BETWEEN PROGENITOR
PROPERTIES
Figure 1 shows the probability distribution of initial
orbital period as a function of pre-SN progenitor hy-
drogen envelope mass for binary SNe IIb at solar and
low metallicity. Binaries with shorter initial orbital pe-
riods result in more stripped SN IIb progenitors. This
relation has been previously discussed by Yoon et al.
(2017) and Ouchi & Maeda (2017). At solar metallic-
ity, SNe IIb typically have larger envelope masses and
a wider range in values. The biggest difference between
SN IIb populations at solar and sub-solar metallicities
arises due to case EB binaries. As we show in paper
I, while solar metallicity EB binaries are completely
Figure 2. Distribution of pre-SN progenitor radius
(RpreSN(,1), top) and effective temperature (Teff,preSN(,1),
bottom) as a function of pre-SN progenitor hydrogen en-
velope mass MH env,preSN(,1), left) for binary SNe IIb with
 = 0.5 (left) and 0.1 (right) at solar metallicity. SNe IIb
progenitor with smaller (larger) envelope masses are more
compact (extended) and hot (cool).
stripped before explosion, their low metallicity counter-
parts are able to evolve to CC without getting stripped,
owing to weaker winds. The low-metallicity EB SNe IIb
are highly stripped with small residual envelope masses
∼ 0.1− 0.2M (see also discussion about SN IIb defini-
tions in Section 2). EB SNe IIb dominate the distribu-
tion at low metallicity due to the large range in initial
orbital periods that permit mass transfer during this
phase. However, it is likely that this group also exists at
solar metallicity given evidence that winds are weaker
than previously assumed (Smith 2014; Yoon et al. 2017,
see also discussion in Section 6.2 in paper I). In fact, as
we note in paper I, the existence of case EB SNe IIb at
solar metallicity is needed to account for observed SN
IIb fractions.
Figure 2 shows the probability distribution of pre-SN
progenitor radius and effective temperature as a function
of its hydrogen envelope mass for solar metallicity bi-
nary SNe IIb. SNe IIb progenitors with smaller (larger)
envelope masses are more compact (extended) and hot
(cool). The phenomenon can be understood as more
progressive stripping causing SN IIb progenitors to in-
creasingly resemble hydrogen-deficient WR stars. This
correlation was previously discussed by Meynet et al.
(2015) and Yoon et al. (2017). However, the correla-
tion is less apparent in the population of low metallicity
SNe IIb, once again due to the dominant group of EB
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Figure 3. Distribution of pre-SN progenitor helium core
mass (MHe core,preSN(,1)) as a function of its effective tem-
perature (Teff,preSN(,1)) for binary SNe IIb with  = 0.5 (left)
and 0.1 (right) at solar (top) and low metallicity (bottom).
SNe IIb. We do not show the corresponding Figure 2
for low metallicity SNe IIb because it contains a single
strongly peaked distribution at small envelope masses
and radii (see lower left and right panels, respectively,
of Figure 4 for reference). However, as we mention ear-
lier, we expect that this distribution is followed even at
solar metallicity
Figure 3 shows the probability distribution of pre-SN
progenitor helium core mass as a function of its effec-
tive temperature for binary SNe IIb at solar and low
metallicity. The correlations in this space closely fol-
low the Hertzsprung-Russell (H-R) diagram (discussed
in the next section, see also Figure 5) since the SN IIb
progenitor luminosity is determined by its helium core
mass. The range in helium core masses is roughly simi-
lar at both metallicities as these are formed during the
main sequence and our binaries experience mass transfer
after core hydrogen exhaustion. While solar metallicity
SNe IIb are mostly cool and extended, low metallicity
SNe IIb are hot and compact. As before, the distribu-
tion of low metallicity SNe IIb are dominated by EB SNe
IIb. They produce a tight correlation in this space due
to the helium main sequence (discussed more in Section
5).
4. OBSERVATIONAL CONSTRAINTS FOR SNE IIb
Table 1 lists observationally constrained properties
for various SN IIb progenitors using three observational
probes: from multi-band LCs, direct progenitor detec-
tions, and X-ray/radio observations. Before comparing
our models to these constraints, we discuss the method-
ology involved in extracting constraints from each of
these probes to identify potential sources of bias and
uncertainty relevant to our analysis.
4.1. Constraints from LCs
The most widely used observational probe into SN
progenitors is analyzing multi-band LCs. Most SNe IIb
exhibit a characteristic two-peak optical LC. The first
peak is due to the SN shock breaking out of the stellar
surface while the second is due to radioactive heating
from the decay of 56Ni and 56Co (Nomoto et al. 1993;
Podsiadlowski et al. 1993; Bartunov et al. 1994; Utrobin
1994; Woosley et al. 1994). The first peak is not always
observed, as in the cases of SNe 2008ax and 2015as, if
the envelope size is too small leading to a short lived
shock breakout phase. SN IIb LCs can be modeled ei-
ther (semi-)analytically or via hydrodynamical SN sim-
ulations.
The simplest approach for constraining SN IIb pro-
genitor properties is fitting the radioactive decay pow-
ered phase of its LC using the model of Arnett (1982).
Analytical SN models of Nakar & Piro (2014) and Piro
(2015) are tailored to SNe IIb and connect features of
their LCs (e.g. time and luminosity of the first peak)
to the progenitor structure (e.g. envelope mass and ra-
dius). Semi-analytic models of Nagy & Vinko´ (2016)
and Sapir & Waxman (2017) use numerical calculations
to improve approximations used in analytic models. Ra-
diative hydrodynamical SN models involve injecting en-
ergy near the center of stellar progenitor models, adding
energy from radioactive decay of Ni and following the
ensuing shock-wave as it propagates through the stellar
structure, to shock break-out and later nebular phases.
These models constrain the progenitor envelope and
core mass and radius. It has been observed that progen-
itor constraints derived from analytic and semi-analytic
models typically yield smaller values than those from
hydrodynamical modeling (Utrobin & Chugai 2009;
Smartt et al. 2009; Arcavi et al. 2017, but see (Taddia
et al. 2018)). Moreover, constraints derived from ana-
lytic and semi-analytic models are strongly dependent
on assumed parameters (e.g. opacity) and may not al-
ways agree with one another. Due to these differences, in
Table 1 constraints derived using analytic/semi-analytic
models are noted.
While Table 1 lists constraints derived for individual
SNe, recently, given the increase in the sample of SN
LCs due to surveys, there have been efforts to study
LCs for a set of SE SNe (Lyman et al. 2016; Taddia
et al. 2018; Prentice et al. 2019). These studies use the
6 Sravan et al.
model of Arnett (1982) to constrain the SN ejecta mass4.
Assuming a 1.5 M NS remnant, the ejecta mass can
then be used to get a rough estimate for the progenitor
core mass. Though approximate, constraints from these
studies have the advantage of being homogeneously re-
duced (e.g. when constructing bolometric LCs). We
consider these constraints separately when comparing
our models to observations.
4.2. Constraints from Progenitor Identifications
Another, albeit serendipitous, probe into SN progen-
itors is direct detections in archival images. A progen-
itor detection in more than one filter can constrain the
progenitor luminosity and effective temperature. Direct
progenitor detections thus provide an independent probe
of the progenitor radius from analyzing LCs.
SNe IIb have a higher number of progenitors de-
tected in pre-SN images compared to other SE SN types.
To date, five SN IIb progenitor candidates have been
identified in pre-explosion images [SNe 1993J (Aldering
et al. 1994; Maund et al. 2004; Fox et al. 2014), 2008ax
(Crockett et al. 2008; Folatelli et al. 2015), 2011dh
(Maund et al. 2011; Van Dyk et al. 2011; Benvenuto
et al. 2013), 2013df (Van Dyk et al. 2014; Maeda et al.
2015), and 2016gkg (Kilpatrick et al. 2017; Tartaglia
et al. 2017; Bersten et al. 2018)], compared to one each
for the other two SE SN types: Type Ib SN iPTF13bvn
(Cao et al. 2013; Folatelli et al. 2016) and Type Ic SN
2017ein (Van Dyk et al. 2018; Kilpatrick et al. 2018).
In addition, there is evidence for the presence of binary
companions to the progenitors of SNe 1993J (Fox et al.
2014), 2001ig (Ryder et al. 2018), and 2011dh (Folatelli
et al. 2014).
While powerful, progenitor constraints derived from
direct detections have important limitations. The pri-
mary uncertainty is due to line-of-sight coincidences and
these can be difficult to quantify. It is also difficult to
rule out flux contamination from nearby stars and/or
a binary companion. Another source of uncertainty
comes from using stellar atmosphere models to constrain
the progenitor SED. The properties of the model stel-
lar atmospheres are strongly dependent on their mass
loss rates (Go¨tberg et al. 2018). However, wind mass-
loss rates, especially during late evolutionary phases, are
highly uncertain (Smith 2014). There is also added un-
certainty from potential mass loss due to binary RLO.
Finally, since most progenitors are discovered in high-
resolution HST archival images, there is selection bias
4 Taddia et al. (2018) also used hydrodynamical models and found
similar results to those from using the simple Arnett prescription.
against hot progenitors since the instrument lacks fil-
ters in wavelengths shorter than ∼ 220 nm.
4.3. Constraints from X-rays/Radio
The third observational probe into SN progenitor
properties is from X-ray/radio observations. Non-
thermal X-ray and radio emission arises as the SN shock
interacts with the circumstellar medium (CSM) shaped
by the progenitor. X-ray emission arises when CSM elec-
trons are shocked to relativistic speeds, either by the
forward or the reverse shock, due to inverse Compton,
Bremsstrahlung, or synchroton processes (e.g. Fransson
et al. 1996; Kamble et al. 2016). Both the forward and
reverse shocks can contribute to emission in X-rays. Ra-
dio emission arises when shock accelerated electrons gy-
rate around shock amplified magnetic fields producing
synchrotron emission. X-ray and radio emission pro-
vide independent constraints on the CSM density if they
arise from different processes (e.g. if radio is due to syn-
chrotron and X-rays are either due to inverse Compton
or Bremsstrahlung).
Once again there are important limitations to consider
when interpreting constraints derived from X-ray/radio
analyses. First, observations help constrain CSM densi-
ties at the radius from which the emission arises5, ρ(R).
While a progenitor mass-loss rate can be derived assum-
ing a wind-like CSM profile as M˙wind = 4piR
2ρ(R)vwind,
these can have significant uncertainties. For example,
the progenitor wind velocity can vary by two orders of
magnitude depending on whether the progenitor was a
red supergiant or a WR star. Moreover, the assump-
tion of wind-like profile itself may not be accurate if
there are density fluctuations resulting from intermit-
tent mass loss episodes, either due to inefficient mass
loss in binary interactions and/or stellar eruptions. In
other words, the treatment washes out information on
the actual density profile probed by the observations. In
fact, Milisavljevic et al. (2013) found evidence of CSM
density modulations by a factor of two for SN 2011ei.
Gal-Yam et al. (2014) found evidence of eruptive mass
loss in the immediate environment (∼ 1012cm) of the
progenitor of SN 2013cu using flash spectroscopy. Note
however that Strotjohann et al. (2015) did not find evi-
dence for pre-SN eruptions for the majority of SNe IIb.
Therefore, in this work, we use the ratio of M˙wind and
vwind, as this is the only reliable observationally derived
quantity. Second, emission from both the near and far
side of the SN shock, potentially arising from differ-
5 However, if the emission arises from free-free absorption in radio
or photoelectric absorption in X-rays they probe the material in
front of the shock.
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Figure 4. Distributions of pre-SN progenitor hydrogen envelope mass (MH env,preSN(,1), left), helium core mass
(MHe core,preSN(,1), middle), and radius (RpreSN(,1), right) for single (black) and binary [ = 0.1 (green) and 0.5 (purple)]
SN IIb progenitors at solar (top) and low metallicity (bottom). Grey shaded regions indicate the range of values derived for SNe
IIb listed in Table 1. Constraints for individual events are indicated using lines (ranges), circles (single values), and triangles
(upper limits).
ent environments, can contribute during later phases.
Therefore, constraints from earlier in the SN evolution
are cleaner probes of CSM density. All values listed in
Table 1 are derived for CSM at radii . 1016cm. Finally,
it is important to remember that CSM density estimates
are strongly dependent on assumed shock microphysics,
which are typically loosely constrained.
5. DISTRIBUTIONS OF SN IIb PROGENITOR
PROPERTIES AND COMPARISON TO
OBSERVATIONAL CONSTRAINTS
We compare the probability distributions of progeni-
tor properties to observationally constrained values from
all three probes discussed in Section 4. Given the in-
consistencies in statistical characteristics of derived val-
ues in Table 1, unless otherwise noted, we convert all
constraints with uncertainties to a ‘range’ using the 3σ
spread. This choice was intended to keep our inferences
conservative. We do not use the CSM density constraint
for SN 2008ax as its 3σ lower limit is 0. We note that
the distributions are not sensitive to alternative more
restrictive definitions considered in paper I.
5.1. Properties from Light Curves
Figure 4 shows distributions of single and binary
SN IIb pre-SN progenitor properties at solar and low
metallicity that can be constrained using LCs: hy-
drogen envelope mass, helium core mass, and radius.
The distribution of helium core mass for binary SN
IIb progenitors at solar metallicity is bimodal. The
high (low) helium core mass peak is due to progenitors
with MZAMS,1 & (.)20M. The high core mass group
consists of mildly interacting binaries whose evolution
largely resembles their single-star counterparts. This
group does not exist at low metallicity because progen-
itors with MZAMS,1 & 20M do not evolve to SNe IIb
(see paper I). The low helium core mass peak is simi-
lar at both metallicities as our binaries experience mass
transfer after the main sequence.
Observational constraints for helium core masses of
SNe IIb are 1.5 − 6M. This constraint excludes sin-
gle stars and the binary high core mass group at solar
metallicity as SNe IIb progenitors. This conclusion has
been underscored extensively in the literature as one of
the key pieces of evidence supporting binaries as SN IIb
progenitors. We also consider constraints derived from
samples of SNe IIb (Lyman et al. 2016; Taddia et al.
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Figure 5. Distributions of pre-SN H-R locations of single and binary ( = 0.5 (left) and 0.1 (right)) SN IIb progenitors at solar
(top) and low metallicity (bottom). The red (blue) color scale shows probability for binary SN IIb progenitors (companions).
The black hatched region shows the space spanned by single SN IIb progenitors with probability distribution divided by its
mode ≥ 0.01. Red cross-hairs show H-R locations of SN IIb with progenitor identifications. Blue cross-hairs show inferred H-R
locations of the companion of SNe 1993J and 2008ax. Cross-hairs without caps indicate 1σ uncertainties while those with caps
indicate ranges. The two groups in the progenitor H-R space at low metallicity, the first spanning across the figure and the
second clustered at the top-right, are due to case EB and case LB/C SNe IIb, respectively.
2018; Prentice et al. 2019). We do not directly com-
pare to derived distributions because these are not cor-
rected for sampling bias or completeness and thus can-
not be directly compared to SNe IIb populations. The
3σ range in helium core masses derived from these stud-
ies is 1.5 − 11.8M (assuming a NS remnant of mass
1.5M). This range is broad and does not constrain our
models. Interestingly, Prentice et al. (2019) found evi-
dence of two peaks in the distribution of SN IIb ejecta
masses, at 2 and 4M (corresponding to 3.5 and 5.5M
for helium core masses). While our distribution is also
bimodal, they peak at 3.5 and 11M. As we highlight in
Section 4, since Prentice et al. (2019) used the analytic
model of Arnett (1982) the derived values are likely only
accurate within a factor of a few.
The distribution of progenitor radii of binary SN
IIb progenitors at solar metallicity is also bimodal.
The low (high) radius peak is due to progenitors with
Teff > (<)10
4 K. The peak in the radius distribution
around 400R for high metallicity SNe IIb is due to the
Hayashi line allowing progenitors with increasing lumi-
nosity/decreasing envelope mass to be stable with the
same radius. Binary SN IIb progenitors at low metallic-
ity have smaller hydrogen envelope masses and radii (a
peak in progenitor envelope mass translates to a peak
in radius, and vice versa; see Section 3) than at solar
metallicity. This is due to the group of EB SNe IIb.
As discussed earlier, this channel is only viable in low
metallicity models where weak winds permit the pro-
genitor to retain its hydrogen envelope left over after the
mass transfer phase. The group of EB SNe IIb dominate
the distribution at low metallicity because the param-
eter space that permits case EB mass transfer is large
(see paper I). We note that it is likely that low metallic-
ity models also represent solar metallicity environments.
There is evidence that stellar wind prescriptions, includ-
ing those used in this work, are overestimated (Smith
2014; Sundqvist et al. 2019; Bjo¨rklund et al. 2020) par-
ticularly for late-stage low-mass stars (Yoon et al. 2017,
see also discussion in Section 6.2 in paper I). More-
over, as suggested in paper I, low metallicity models can
help account for observed SN IIb fractions irrespective
of metallicity.
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Observational constraints exclude SNe IIb with more
massive envelopes at solar metallicity. However, as we
note in Section 2, excluding models with hydrogen en-
velope > 0.5M do not change the overall distributions
presented in this paper much. Observations indicate a
broad range for SN IIb progenitor radii and as such do
not provide strong constraints for our models. Although
compact progenitors are not represented in observations,
this could be a result of observational bias (see Section
4). Note also that SNe IIb from compact progenitors
would be harder to detect because the cooling envelope
feature in their LCs would be less pronounced (Moriya
et al. 2016). The existence of compact progenitors is
favored by our models and, if present, especially in high
metallicity environments, would indicate the presence of
weak stellar winds.
5.2. Properties from Detection of Progenitors and their
Companions
Figure 5 shows distributions in the H-R diagram of
single and binary SN IIb progenitors at solar and low
metallicity. There are two groups in the binary SN IIb
progenitor H-R space at low metallicity. The top-right
group is roughly similar to the one at solar metallic-
ity and is due to case LB/C SNe IIb. The bottom-left
group, spanning across the H-R diagram, is due to case
EB SNe IIb. Since these progenitors are highly stripped
they lie along the helium MS (Ko¨hler et al. 2015). Al-
though, these progenitors are not represented in obser-
vations, this could be due to observational bias towards
detecting redder stars (see Section 4). Note that there
is indirect evidence for a WR progenitor for SN 2013cu
using flash spectroscopy (Gal-Yam et al. 2014, but see
Groh (2014)). There is a gap in the H-R locations of
the two groups at  = 0.5. This is because progenitors
that initiate mass transfer late on the HG with high
mass transfer efficiency enter contact and are expected
to merge (see paper I).
Most companions lie on the main sequence, producing
the almost vertical streak in the distributions. Similar
to Claeys et al. (2011), we find that SN IIb companion
effective temperature and luminosity decrease for lower
accretion efficiencies. The range in companion luminosi-
ties for binary SN IIb with  = 0.5 at low metallicity
is smaller. This is because low initial mass ratio EB
SNe IIb enter unstable mass transfer or contact due to a
combination of the effects of low mass ratio, high mass
transfer efficiency, and mass transfer on the Hertzsprung
gap (see paper I). Redder companions result from bina-
ries with initial mass ratios close to unity, where the
companion also evolves off the main sequence. These
are less likely at higher mass transfer efficiencies, which
produces more contact systems that we expect to merge.
We find that systems where the companion is red as a
result of a recent rapid mass transfer event are rare.
Overall, our binary SN IIb models are able to explain
the H-R properties of SN IIb progenitors and compan-
ions detected to date. H-R locations of detected pro-
genitors of SNe IIb are favored at solar metallicity and
low mass transfer efficiency ( = 0.1) at low metallicity.
Single SN IIb progenitors are excluded within 1σ of ob-
served constraints. Our models indicate the existence of
a large population of blue highly stripped SN IIb progen-
itors at low metallicity. However, as mentioned earlier,
it is likely that these models represent solar metallicity
environments as well.
5.3. Properties of Circumstellar Medium
To compare CSM properties at similar observational
conditions, we examine SN IIb progenitor properties a
given number of years before CC. Since our models are
stopped at core carbon exhaustion, and this point could
be between 0.1-100 years before progenitor CC depend-
ing on mass, we run single star models with stellar winds
turned off until silicon core exhaustion6 to compute the
time remaining until CC for a given core mass. Specif-
ically, we compute linear fits to time between core car-
bon and silicon exhaustion as a function of carbon core
mass. We assume that CSM properties are dominated
by more massive wind parcels and that the wind veloc-
ity is the escape velocity of the star/binary component
it originates from. For the majority of binaries the pro-
genitor star has the higher mass-loss rate, so its mass
loss characterizes the CSM.
Figure 6 shows the distributions of CSM properties of
single and binary SNe IIb at solar and low metallicity
shaped by the progenitor system 100 years before pro-
genitor CC. Our results do not change much for CSM
properties shaped either 10 or 1000 years before CC.
CSM for binary SNe IIb at low metallicities is less dense
than at solar. This is because binary SNe IIb progeni-
tors at low metallicities are more compact and therefore
have higher wind velocities. Case C SNe IIb are obser-
vationally valuable as they are more likely to be under-
going mass transfer close to CC, leaving an imprint of
their interaction on their CSM. Although a few case C
SNe IIb models with  = 0.5 have their CSM affected
due to binary interactions 1000 years before CC (with
6 Defined as the point when the central silicon mass fraction drops
below 10−6. Our models with ZAMS masses . 10.5M and
carbon core masses . 2M ignite neon off-center and do not
reach silicon core exhaustion. Since our our conclusions are not
strongly dependent on the progenitor age at which the CSM is
shaped, we ignore these models when computing fits.
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Figure 6. Distributions of CSM properties of single and binary ( = 0.5 (left) and 0.1 (right)) SNe IIb at solar (top) and
low metallicity (bottom) shaped by the progenitor system 100 years before progenitor CC. Black hatched regions show region
occupied by single SNe IIb with probability distribution divided by its mode ≥ 0.01. Grey shaded regions show the observa-
tionally range inferred for SNe IIb. Constraints for individual events are indicated using lines (ranges), circles (single values),
and triangles (upper limits). Note that, as discussed in Section 4, observations constrain CSM densities or the ratio of M˙wind
and vwind.
vwind ∼ 1000km s−1 and M˙wind ∼ 10−4M yr−1), the
overall distribution of CSM properties of case C SNe IIb
are not very different from case B SNe IIb.
Using four SN IIb with detected progenitors, Maeda
et al. (2015) found a correlation between CSM density
and progenitor radius derived from photometry. Kam-
ble et al. (2016) found similar results using radio lu-
minosity (which is a proxy for CSM density) and the
product of the peak bolometric luminosity and duration
of the shock breakout phase of the LC (which is proxy
for progenitor radius). We cannot verify these relations
because our wind velocity estimate depends on the pro-
genitor radius. However, we note that, given the rela-
tion between SN IIb envelope mass and radius described
in Section 3, it is likely there is also an analogous cor-
relation between CSM density and progenitor envelope
mass.
Observationally constrained CSM properties for SNe
IIb are consistent (though only on the low side) with
single SN IIb progenitors at low metallicity and case
LB/case C binary SN IIb progenitors at both metallic-
ities. However, since there is a bias toward detecting
brighter events in X-rays/radio, the non-representation
of the dominant group of EB SNe IIb could be due to ob-
servational bias. Interestingly, Weil et al. (2020) found
evidence for a WR-like wind phase close to CC for the
progenitor of Cas A. This is in addition to a recent es-
timate showing the progenitor to have been sub-solar
(Sato et al. 2020). However, Schure et al. (2008) con-
strained the maximum lifetime of a potential WR pro-
genitor for Cas A to be . 2000 yrs, making the progen-
itor incompatible with EB SNe IIb. Note that there is
no companion to Cas A to deep limits (Kochanek 2018;
Kerzendorf et al. 2019).
6. OBSERVATIONALLY VALUABLE REGIMES
FOR CONSTRAINING SN IIb PROGENITORS
While our models are able to account for current ob-
servational constraints for SNe IIb, there are regions fa-
vored by our models that are not represented in obser-
vations. Unobserved regimes either exclude the corre-
sponding evolutionary scenarios or could be a result of
observational bias.
The only channel that can be excluded due to non-
representation in observations is single and mildly in-
teracting binaries. However, the remaining unobserved
observational regimes can be attributed to observational
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bias and offer opportunities to target future observations
for further constraining SN IIb progenitor channels.
The main channel that contributes to unobserved ob-
servational regimes is due to EB SNe IIb. They pro-
duce highly stripped and compact progenitors that are
currently unobserved by all three observational probes
considered in this work. Specifically, our models fa-
vor the existence of SN IIb progenitors that are blue
(Teff,preSN(,1) . 105K) with ∼ 104.5 − 105.5 L, radii
< 50R and low CSM densities. Moreover, since these
progenitors lie along the helium MS, their luminosities
are correlated with their effective temperatures, which
can aid in narrowing down follow-up strategies. De-
tection of this group of SN IIb progenitors, especially
in high metallicity environments, would favor the pres-
ence of weak stellar winds. In fact, as we suggest in
paper I, they are likely to exist even in high metallicity
environments as they can account for observed SN IIb
fractions. The non-detection of this group of progeni-
tors would indicate other channels toward SNe IIb (e.g.
Young et al. 2006; Hirai et al. 2020). We note that, as
discussed in Section 2, it is unclear whether explosions
of compact EB SN IIb will result in a SN IIb or a SN Ib
spectral classification. The classification of IIb vs Ib can
be observationally biased by the epoch when spectra are
first obtained (Chornock et al. 2011; Milisavljevic et al.
2013). Interestingly, the photometric properties of EB
SNe IIb progenitors are consistent with the identified
progenitor of SN Ib iPTF13bvn. Moreover, the CSM
properties of EB SNe IIb are consistent with those of
SNe Ib (Drout et al. 2016; Margutti et al. 2018).
Our models predict the existence of a dominant pop-
ulation of blue (MS) companions to SN IIb progenitors
with ∼ 102.7−105.2 L along with a smaller population
of red and yellow (at high metallicity and mass transfer
efficiency) companions with ∼ 104.4 − 105.4 L. The
H-R space for companions can also help constrain the
efficiency of mass transfer in binaries. Specifically the
existence of red evolved companions and low luminosity
companions with ∼ 104.4 − 105.4 L would favor inef-
ficient mass transfer. In fact, as we conclude in paper
I, low mass transfer efficiencies (. 0.1) in addition to
sub-solar stellar winds are needed, regardless of envi-
ronment, to account for observed SN IIb fractions.
7. CONCLUSIONS
In this second paper of a two-part series aimed at con-
ducting a comprehensive investigation of SNe IIb pro-
genitors, we compare theoretical distributions of SN IIb
progenitor properties to constraints from three indepen-
dent observational probes.
Our models are successful in explaining the range in
current observations. We also identify observational
regimes that either exclude some evolutionary scenar-
ios or are potentially unobserved due to bias and can be
targeted to further constrain progenitor channels (see
Section 6). The detection of SN IIb progenitors in these
regimes would result in improved convergence of our
understanding of SN progenitors from all observational
lines of evidence: SN IIb fractions, progenitor structure
constraints from LCs, direct progenitor detections in
archival images, and CSM properties from X-ray/radio
observations. It would provide strong support for bi-
naries as SN IIb progenitors experiencing weak stellar
winds and inefficient mass transfer regardless of envi-
ronment.
This paper demonstrates the importance of statisti-
cally comparing inferences from population scale mod-
eling to observations. However, there is currently a lack
of statistical constraints for SN IIb populations from
the observational side. As mentioned in paper I, robust
estimates of SN IIb fractions as function of metallicity
will help improve insights from comparing to theoretical
models. There is also a need for distributions of con-
straints from LCs, ideally also as a function of metallic-
ity. The wealth of data from surveys like All-Sky Au-
tomated Survey for Supernovae (Kochanek et al. 2017),
Zwicky Transient Factory (Bellm 2014; Bellm & Kulka-
rni 2017), and, at the turn of the decade, LSST (Tyson
2002; Ivezic et al. 2008) should help address both lim-
itations. It is harder to obtain large samples of direct
progenitor detections because of the limited sensitivity
of instruments (e.g. the detection horizon with HST
is ∼ 20Mpc) and availability of pre-SN observations in
relevant bands. Moreover, while HST is expected to re-
main operational until at least 2025, there are currently
no missions with the ability to undertake high-resolution
UV imaging to aid in companion searches or for acquir-
ing data that could lead to serendipitous hot progeni-
tor (such as those favored in this work) identifications.
However, two of four 2020 Decadal Survey Mission Con-
cept studies, LUVOIR (The LUVOIR Team 2018) and
HabEx (Mennesson et al. 2016), can serve as successors
to HST with significantly improved capabilities. For ex-
ample, LUVOIR can reach ∼ 4 times the depth of HST
in ∼ 10% the time (The LUVOIR Team 2019). On the
other hand, efforts toward conducting large sample stud-
ies of CSM properties are under way (e.g., Drout et al.
2016; Margutti et al. 2018). The availability of data
discussed above along with theoretical models using ac-
curate mass loss rates will lead to true convergence of
our understanding of SN IIb progenitors from both the-
oretical and observational fronts.
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